Model design and experiments with a view on national-regional sustainable development by Bergh, J.C.J.M. & Nijkamp, P.
\q&\-\ob 
ET 
Faculteit der Economische Wetenschappen en Econometrie 
05348 
Serie Research Memoranda 
Model Design and Experiments with a View on National-
Regional Sustainable Development 
J.CJ.M. van den Bergh 
R Nijkamp 
Research Memorandum 1991-106 
december 1991 
vrije Universiteit amsterdam 

1. INTRODUCTION 
This paper addresses the problem of the design and use of a large-scale model which aims to provide 
a formal representation and analytical framework for the study of the long term development of an 
economy and its natural environment. Attention wil be devoted to the structure and specification of 
a model, as well as to results of scenario anafysis performed with it. The model can assist one to 
distinguish between various strategies (or scenarios) that give rise to sustainable (and unsustainable) 
development (SD) (see van den Bergh and Nijkamp, 1991a). 
The framework consists of four elements (see van den Bergh, 1991, Chapter 2): economie 
development, processes in the natural environment, economic-environmental interactions, and a 
sustainable development feedback mechanism. The latter is useful to incorporate the fact that usually 
the conditions for sustainable development are static and that they can only be used in an approximate 
sense, by way of an adjustment process. Figure 1 represents this framework for the study of 
development and environment. 
Value systems added to the characteristics of natural resources and ecosystems give rise to SD 
conditions, that may be regarded as acceptable levels of economie impact on the environment. The 
remaining three blodes in the scheme represent observations, comparisons and decisions. Observed 
(realized) economie, environmental and interactive stocks and flows are compared with the aspired SD 
conditions. The outcome of this procedure may give rise to (a redirection of) decisions, such as 
investment allocation and technological progress, so that acceptable and realized levels of certain 
indicators do not diverge too much. The decisions affect the direction of development and the pace 
of growth. The comparison of observed economie and environmental values with SD conditions may 
also give rise to changes in the value system. We have however not incorporated this feedback 
connection, because it operates at a higher level than the included feedback link and it is difficult to 
endogenize in a formal model structure. Therefore, the value system will be taken as exogenous, and 
may only be adjusted in the context of a specific SD analysis. 
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Figure 1: The sustainable development feedback mechanism. 
The purpose of the model is twofold. First, it will allow us to study the synergetic effects of economie 
and natural factors for economie performance in the long run. The outcome will depend on the 
combination of effects arising from investment allocation, capita! accumulation, technological progress, 
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direct environmental effects, resource scarcity, and SD feedbacks (mentioned above). The second 
purpose of the model is that it serves as a theoretical framework for operational studies in the context 
of sustainable development. 
The model describes two phenomena: (1) the material flows and the processes based upon these 
flows in the economy, the natural environment and their interdependencies; and (2) the feedback 
mechanisms from economy, environment and value systems to economie actions and policies. The 
latter occurs over a long term horizon. Therefore, a link exists between the present model and 
economie growth models with ecological variables (see Van den Bergh and Nijkamp, 1991c). 
The material flow is shown in Figure 2. It describes an economy with 6 sectors. This picture takes 
a ,ïH£p/y-orientation, to reflect a long-term horizon. The model includes economie and materials 
balance equations, economie activity, and production functions. These production functions satisfy 
materials balance conditions. A clear distinction is made between actors and materials as factors of 
production. This avoids problems of direct substitution between resources and capital as inputs to 
production . Economie activities include production, waste treatment (abatement), recycling, research 
and development of environmental technology, and environmental cleaning. These activities are 
competitive for economie (financial) means, and can to some extent be stimulated by government 
policies. 
In Figure 3 the economic-environmentalrelationships represented in the model are displayed. They 
include flows as well as impacts upon processes. An environmental quality indicator takes the size of 
resources and pollution into account and is used to set the level of natural processes of regeneration 
and assimilation. Environmental quality is also assumed to have an impact upon the efficiency of final 
goods production and the quality of extracted renewable resources (e.g., the size of fish). It is 
important to note that also non-economic variables, viz. technology and population, are included. In 
the next section the technology generation will be further described as an endogenous process. 
2. TECHNOLOGY, VALUE SYSTEM AND ENVIRONMENT 
Here we will derive a simple model that is based on endogenous technological progress. This model 
will be part of the general model to be described in Section 3. It includes the combined effect of three 
elements: ethical convictions and behaviour, ecological state; and production capacity. At the basis is 
the view that technology may progress as an adjustment to ecological disequilibrium states. These may 
take the form of a discrepancy between allowed resource extraction and waste emission on the one 
hand, and resource extractive demands and actual waste emissions on the other hand. In principle, one 
may distinguish two types of behavioural feedbacks which aim to correct an undesirable situation or 
direction of development. These actions are investment allocation and technological progress. The latter 
will be discussed in the present section. However, it should be noted that technological progress is not 
independent from investment decisions; investment has both technology and sectoral capacity effects 
(the latter is discussed in Section 3). A formal treatment of the ethical and ecological part of the 
feedback mechanism (with the above three elements) is deferred until Section 5, since only then will 
all variables will have been properly defined. 
Several aspects of technological progress included in aggregate models may be distinguished: (a) 
technological progress is either embodied in newly produced capital equipment and/or in new 
This is in line with the critique of Georgescu-Roegen (1971) on the conventional use of production functions in economie 
Jheory. In his framework direct substitution between resources and capital is not possible. 
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generations of workers, or it is disembodied (and hence affecting all generations of machines or 
workers in the same way); (b) it may affect one or more of the ratios output/capital, output/labour 
and capital/labour; (c) it follows a growth path which is progressive (e.g., exponential), linear, 
regressive, or of another form (e.g., logistic growth; see Ayres, 1978); (d) it is exogenous or generated 
by investment, such as in R&D (see Kamien and Schwartz 1978); the latter is also a feature of new 
theories of economie growth (e.g., Romer, 1990). 
Here we are interested in three types of technical progress: (1) that which brings forth a higher 
efficiency of resource use in production, or, altematively, less waste per unit of output; (2) that which 
leads to a higher effectiveness ofabated waste per unit of abatement activity; and, (3) that which causes 
a higher effectiveness of recycling. We assume that an indicator T„j for cumulative technology and 
knowledge generates the changes in the resource efficiency coefficients of production, abatement and 
recycling^. 
The cumulative technology indicator is the result of four forces shown by the set of equations in 
(1) (see for non-environmental approaches, e.g. Stoneman, 1983; Boyer, 1988): (a) a Schumpeterian 
effect as a result of R&D outlays (1^), such that negative ecological effects cause investment allocation 
to be directed towards more R&D in environmental technology at the cost of general investment (L), 
via the parameter f that relates 1^ to total investment I; (b) socialpolicy impact generated as a result 
of outlays for education, labour market, general (economically favourable) policy, research in non-
profit and university institutions, etc. (O^); (c) a derived partial effect (via a parameter 7) stemming 
from general capital investment (Ig) which is essential for innovations; and (d) the Kaldor-Verdoorn 
effect, i.e. changes in the output impacting upon technical progress via dZ/dt (with Z an indicator for 
total production output). 
All these effects may become stronger as a result of a combined effect of the environmental-
ecological situation and the ethical stance effect, as mentioned above. This is realized via the 
parameter e in the cumulative technology/knowledge equation, based on the idea that innovations are 
more successful when the need for them is higher. The parameter e depends on an ecological effect 
variable (ee). This ecological or environmental effect is essential in technological progress (see Faber 
and Proops, 1990). It occurs through a higher demand than supply of resources (denoted by RSnort)> 
too much waste emission (Wtoo), and the general environmental quality (E). The first two variables 
will be explained in Section 5. They include subjective perceptions and ethical choices with regard to 
future generations (e.g., by setting standards). The environmental quality may be interpreted in terms 
of technological incentives arising from an ecological disequiUbrium confronting the economy. 
dTJdt - e(ec)*{/rd+Ord + 7*/g + 5*rf2;M}, 
e
c - / e ^ h o r t ' ^ t o o ' ^ ) -
We assume here that 0<7,f <1, to reflect the idea that only part of the investment can be regarded 
effective in terms of technology innovative effect. Next, it is assumed that 0<5<1, since it seems 
Such an R&D policy, oriented towards diminishing environmental stress (resource use and waste emission), may affect 
the type of growth, i.e., give rise to a specific type of development. However, we are not including any ideas of spill-overs and 
side-effects of such R&D here. The idea is merely that resource saving technological progress is most relevant once a simple 
materials-balance structure is adopted to describe the economy. 
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reasonable that output changes are only partly reflected by technological changes. Finally, we take for 
granted that e >0. Since low values of ee are in general undesirable, we also impose that $"',c'<0. One 
has to notice that these parameter values depend on the initial value of T^ and the interpretation of 
a x % increase. The process modelled here is one of incremental, evolutionary change, and does not 
explicitly take into account shocks, or revolutionary changes. 
The reduced form of (1) is: 
dTjdt - £(ee)*{[r(ee)+7-7*r(ee)]*/+O r f + 5*rfZM}. (2) 
The coëfficiënt of I, i.e. the expression in square brackets, is positive; it is decreasing in ee3. If it is 
higher than 1, one unit of general private investment has a stronger effect on technological progress 
than one unit of social R&D investment (O^). Equation (2) is used in the general model to represent 
endogenous technological change related to the economy, environment and the social value system. 
3. DESCRIPTION OF THE MODEL4 
The description of the economie activities module is based upon production and activity functions for 
six sectors: final goods production; investment goods production; waste treatment; recycling activity; 
renewable resource extraction; and non-renewable resource extraction. The functions satisfy, where 
necessary, materials balance conditions, and may include a mix of environmental and economie 
production factors, available resource materials (in inventory), environmental quality and the 
technological progress indicator. The capacities of each sector are influenced by feedback mechanisms 
related to investment allocation, that become operational when sustainable development conditions 
with respect to resource use and/or waste emission are violated (see Section 5). The precise choices 
of investment allocation mechanisms will be formaüsed for a scenario analysis with the model (see the 
next chapter). 
The first economie sector is the sum of all final goods producing sectors (including relevant types 
of agriculture). Output (Q) is produced with capital (KQ). It requires resource inputs c^T^j) per unit 
of output. A higher overall environmental quality (E) affects positively the productive efficiency. The 
availability of resources (Rsup) in inventory (i.e., supply of resource materials) imposes an upper limit 
on the output level of production. Therefore, we have the following output function: 
ö - MIN F ^ ) , ^ 
CQ(^) 
(3) 
It is clear that output Q cannot exceed resource input and that some material loss in production is 
inevitable. This means that CQ(T„J) > 1. Technological change is assumed to generate more efficiency 
in terms of a lower ratio of resource input to Q, so that c'(Tld)<0. 
A second module concerns capital goods formation (I). Again, this may be interpreted in a narrow 
sense as machines and technology. However, a broader interpretation is more plausible for our 
The derivative of the the term between brackets with respect to e e can be written as 
e
 *f *(1~7) + € *7 + e *f *(1—ï) > which is smaller than or equal to zero. 
For an explanation of symbols, the reader is referred to Appendix A. 
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purposes, so that also intermediate deliveries may be subsumed under this heading. The level of output 
is directly related to the amount of capital in this sector (Kj). Again, an upper limit to the output level 
is set by the supply (inventory) of resource materials (Rsup) less the amount required for the first (Q) 
production process; the latter is assumed to be more important for genera! welfare, and is therefore 
given priority for resource use. 
c l ( T i d ) 
(4) 
Next, we will consider two other economie activities, which are not productive in the sense of 
generating output, but are related to environmentally beneficial activities. Both these activities use 
capital. One process treats production waste in such a way that not all of it is directly cafried to the 
natural environment. The amount of waste treated (R^) is determined by the level of waste arising 
directly from the two 'real' production processes (WQ j), the amount of capital used (K^), and the 
state of technology (Trf). The latter two affect positively the effectiveness coëfficiënt (c^) of 
abatement: 
^wa-/wa(^^wa)*^Q,I (5) 
A second process is concerned with recycling of materials. lts output Rrec is determined by the 
waste flow suitable for recycling ( W ^ and the state of technology, which positively affect the 
effectiveness coëfficiënt ( c ^ of recycling: 
The functions c^, and c ^ have values between 0 and 1, so that abated (recycled) waste does not 
exceed production waste (waste amenable for recycling): R W ^ W Q (Rrec<Wrec); all first partial 
derivatives are positive. 
Finally, two resource based economie activities remain to be described: renewable and non-
renewable resource extraction (RN and Rs, respectively), both using capital (KN and Kg, respectively): 
% - MIN{F^,N,E),R^K) W> 
Rs - MDf{Fj^ls)tRSsm} ® 
The production functions, given in (7) and (8), are based upon respective stocks or resources; in the 
case of renewable exploitation, the environmental quality is also significant since it determines the part 
of the stock that is of sufficiënt quality (e.g., clean water, or healthy, non-toxic resources, normal size 
fish). All production functions (FQ,FJ,FN ,FS) have positive partial derivatives. Extraction rates are 
limited from above by the perceived or acceptable levels of extraction ( R N ™ ^ and RsiPerc)> wmch are 
based on a combination of ethical and ecological considerations (see Section 5). 
We describe the economie dynamics module here by changes in capital stocks, population, 
technology or knowledge, stored waste, and recycled and buffered stocks of resources. The changes 
in capital stocks depend on the allocation of investment (Ij, ieK, K={Q,I,wa,rec,N,S}) and the rates 
of depreciation (D(K)). The stock of capital depreciates at a rate given by D(K) which is strictly 
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monotonically increasing: 
dK, 
^-h-D^),i^K (9) 
Based on equation (2) in Section 2 we use the following equation to describe technological progress, 
where 5 falls inbetween 0 and 1 and where the two remaining coefficients are positive and increasing 
in ee (the coëfficiënt of I replaces the complex term in (2)): 
^ 
dt " a(ee)*/+£(ee)*pid + « * - ^ - (10) 
The population change is determined by the population level (Pop) and the level of material 
consumption (C) per capita (used as a welfare indicator): 
£21-B[£\POP (ii) 
dt ' " — ' 
A stock of stored waste that cannot be reused (S^,) is filled from regained production waste (a 
part sx) and waste left after recycling (a part &$ 0<s1,s2<l). 
^ - * l * ^ a ^ 2 * ( ^ r e c - ^ r e c ) {U) 
Two state variables are introduced to represent time-delays. A variable X is introduced to allow 
for a time-delay between the processes of recycling and resource extraction on the one hand, and the 
re-use of materials in production of final goods and investment goods on the other. Y represents the 
amount of resources available for the next period. The total supply of resources originates from four 
sources: renewable and non-renewable resource extraction, recycling and buffering; the latter will occur 
when the amount of materials needed for production is smaller than that in the stockpile. 
^ - *N + *S + *rec " to^ö + C ^ ) * / ) (13) 
Finally, Z is an indicator of total 'real' production output, which has a delayed effect on technical 
progress (see the equation for T^). lts value is set equal to zero at the start of each period (auxiliary 
variable). 
^L-Q*I-Z , Z(0)-Ö(0)+/(0) (14) 
at 
The initial conditions are Ki(0)=Ki0 (ieK), Tri(0)=0, Pop(0)=Pop0, Sw(0)=0, Y(0)=Y0, Z(0)=Z0, 
with all parameters non-negative. 
Next, three economie balance conditions are required; equation (15) reflects the fact that 
production output of the final goods sector equals consumption (C) plus social R&D outlays (O^); 
(16) reflects the idea that production of capital goods equals the sum of sectoral investments (Ij); and 
in (17) it is stated that total capital is the sum of sectoral capital stocks. 
Q-C+Ort (15) 
8 
' - E ' i (16) 
UK 
*-£*; (i7) 
ieK 
Based on the actual use (occupation) of capital ( K ^ , one may determine the employment level 
(Ldem). The supply of labour in the long run (Lsup) may be based on the population level. The 
difference is a measure for long term mismatches on the labour market as given in (19). The 
occupation of capital for each sector can be calculated for given activity levels (or outputs) and given 
values of other determinants ( E . T ^ W Q J .WJ^N.S) , by taking appropriate inverse relationships of the 
original activity/production functions (E"1, j = 1,2,3,4,5) as in (18). 
K^ - F-\Q,E) + F?{I) + Fik^T^Ww) 
(lö) 
+
 ^"Vrec^rd.^rec) + F?<*H,N,E)
 + F^S) 
U - L ^ o / O - W * ^ ) <19) 
As far as the description of the ecological system is concerned, an aggregate ecological model 
should be consistent with a macroeconomic or regional system in terms of geographical coverage. 
Therefore, it should describe the essential features of a collection of various (possibly interacting) 
homogeneous ecological systems. Such a general model would have to be able to deal with the 
following functions and characteristics of ecological systems: (1) regenerative capacity, (2) assimilation 
of pollution, (3) resource supply, (4) storage of waste materials, (5) non-material services for 
consumption, (6) decreasing performance of all functions for higher levels of pollution and resource 
extraction, and (7) other disturbances. 
The equations in (20) show a model that describes three types of environmental processes: slow 
and fast (or normal) regeneration of resource stocks (B and N, respectively), and assimilation of 
pollution (P). B can be regarded as falling in between a renewable and non-renewable resource (semi-
renewable) (see Swallow, 1990); one may think of such categories as soil, land and water or even rain 
forests and similar slowly regenerating and sensitive natural systems. N may, for instance, denote biotic 
resources or ecosystems. The respective stocks and the overall environmental quality (E) have a non-
negative relationship with the rates at which each process occurs. E is a function of N, P and B. This 
means that all environmental processes depend indirectly upon all three environmental stocks. A fourth 
environmental stock is that of non-renewable resources (S), which is assumed to have no natural 
linkages with the other stocks or their natural processes. The exogenous impacts upon N and P are 
resource extraction (RN) and waste emission (Wem), respectively. B is influenced by the pressure of 
the scale of the economy (indicated by economie capital K), the size of the population (Pop), and the 
intensity of extractive activities (indicated by the rates of renewable and non-renewable resource 
exploitation RN and Rs). S decreases by extraction (Rs). 
The initial conditions are N(0)=No, P(0)=Po, B(0)=Bo, S(0)=S0. All functions and variables are 
non-negative. H( ) is increasing in N and B and decreasing in P. G(Nmin,E) = G(Nmax,E) = 0, and 
for some (N,E), with 0<Nmin<N*<Nmax, E>0: G(N ,E)>0, where Nmin is the minimum viable level 
of the regenerative resource and Nmax denotes its maximum level (also referred to as carrying 
9 
E - H(N,B,P), 
dN/dt - GiN^-Rx, 
dP/dt - -A(P,E)+Wcm, 
dB/dt - [bx(E)-b2(dK/dt)-b3(dPop/dt) ^ 
-bA(R^)-b5{Rs)]*B, 
dS/dt - -%. 
capacity). G and A are increasing in E. A is increasing in P. All b; (i=1,2,3,4,5) and their first 
derivatives are positive. 
Finally, the following material balance conditions apply to the flows within the economy and to the 
natural environment. Total waste output (WQ j) from 'real' production is equal to the inputs less the 
outputs: 
WQ,i - [CQ^J-I^Ö + [c^yi]*! (21) 
The indicator of the demand for new resources is based on the amounts needed as inputs to 
production of Q and I less the recycled amounts from the present period. 
*new " CQ^^FQ^Q^C^T^F^-R^ (22) 
Waste amenable for recycling purposes is the sum of production output of the first process (this 
goes immediately to waste), discarded capital and a part of treated production waste (the remaining 
part was discussed above in relation to Sw): 
^ • e + E A ( ^ W ^ (23) 
icK 
Emission of waste to natural mediums (Wem) equals the sum of non-treated production waste and 
the part of waste remaining after recycling that is not stored into S^ 
Km ' 0VQrIU * (ls^iW^-R^) (24) 
All material flows in the system have now been modelled. The feedback from environment and 
the value system, which was mentioned at several stages, still remains to be formalized. All variables 
necessary to perform this exercise are however in principle available now. 
4. SUSTAINABLE DEVELOPMENT CONDITIONS 
It has been argued above that sustainable development feedback can be regarded as a process of 
adjustment to meet or approximate SD conditions. By sustainable development conditions we mean 
here constraints that ensure (in a deterministic sense), or maximize the probability, that certain goals 
associated with future generations and the state of the natural environment are attained. We make 
here the distinction conceming SD conditions. A first type is formed by constraints on the level of 
welfare (for a whole generation or per capita), where the choice is to require that welfare (i) exceeds 
a given subsistence level; and (ii) follows a non-decreasing time path. A second type is formed by 
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conditions on stocks or flows (interchangeable) in and between economie and environmental systems. 
The notion of stock constancy may serve as an illustration of sustainable development conditions of 
the latter type. 
We can derive simple SD conditions on the basis of the ecological model in Section 3. Thé 
requirement may be imposed that dE/dt in equation (20) is non-positive, i.e. no (further) 
environmental degradation occurs. This may be ensured by requiring that the economie activity level 
does not exceed the natural capacity A+G to accept W+R. When treated separately, the resource and 
waste effects give rise to the constraints RN+RS=G and W=A. This is based on the notion that 
renewable resources have to substitute (compensate) for a decline in non-renewable resource stocks. 
The notion of 'weak sustainability' is sometimes used to indicate this; strong sustainability would, 
according to the requirement of maintenance of the physical size of stocks, require that Rjsj=G and 
Rs=0. 
A second condition can be referred to as 'sustainable waste emission'. A third condition, derived 
from the semi-renewable resource part of the model formulated in (20), is that bj(E) = b2(dK/dt) + 
b3(dPop/dt) + b4(RN) + b5(Rs). In our model such conditions are used in combination with feedback 
mechanisms to prevent them from being violated. Finally, with the ecological model of the last section, 
sustainable development may be described by adding the conditions E>Emin or dE/dt>0, and 
dB/dt>0. The first condition requires that environmental quality exceeds a certain value, which may 
be determined as a safety value. The second and third condition claim that only positive changes in 
environmental quality and the size of the semi-renewable stock of resources are allowed. 
5. SUSTAINABLE DEVELOPMENT FEEDBACK 
Our complete model allows also for feedback mechanisms from environmental quality, overall resource 
scarcity, unsustainable renewable resource exploitation, and unsustainable waste emission pollution to 
decisions regarding investment activities and technology (as was discussed in Section 2). This is in line 
with the notion of environmental-ethical impacts on development in the SD framework discussed 
above. In our SD framework conditions based on regeneration and assimilation on the one hand, and 
concern for future generations and natural environment on the other, are central in the feedback 
mechanism. They determine the acceptable or aspired extraction and emission levels. 
In the model this proceeds as follows. At the core are SD (flow) conditions applying to the flows 
of resources and waste of the type mentioned above. These are transformed, via behaviourial or social 
control parameters, into variables that indicate the perceived levels. This involves an ethical choice by 
society or decision makers with regard to the degree of concern for the well-being of future 
generations. Market mechanisms (prices) and social controls (regulations and price corrections) are 
implicitly taken into account. They provide incentives that have an effect on the model outcome via 
the reaction of investment allocation and technological progress. For instance, a strong incentive may 
result from scarcity of resources through increasing prices. Low regeneration or assimilation rates, or 
increasing (decreasing) stocks of pollution (renewable resources), may induce social actions. These may 
take the form of controlling investment through land use policies, subsidies on environmentally 
beneficial investments, or artificial higher prices for resource materials. They may also sthnulate certain 
technological changes by subsidies or time paths for required levels of resource use or waste 
generation. 
Based on ethical considerations with respect to future generations and the relationship with nature, 
as well as ecological considerations with regard to regeneration and assimilation, we can devise the 
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following three indicators: acceptable renewable (R^perc)» non-renewable (Rs)Perc)> an (^ t o t a^ CRperc) 
resource extraction: 
i?N>perc - MAx{o,d*pN*N+{l-d)*G(N,E)} C25) 
The dummy variable d may reflect an objective of sustainable use (d=0) or a less strict objective 
(d=l), which requires an additional parameter for intergenerational concern, pN (falling between 0 
and 1); the latter shows high degrees of moral concern for future generations by way of taking low 
values. A second interpretation of this parameter is that it shows variable degrees of caution (prudence 
or risk-aversion) in the face of much uncertainty. 
The parameter p s is similar to pN for non-renewable resources. Therefore, d, pj^ and p s reflect ethical 
stances. 
^perc " ^N.perc + ^S.perc ( 2 7 ) 
Thus, total perceived resource availability is simply the sum over the two sources. 
A variable Rshort indicates the scarcity of resources by taking the ratio of R p ^ and the required 
extraction of resources (Rnew, see (22)). A value higher than one means that there is no cause for 
alarm. 
*short " ^ { ^ W * ™ } C2») 
Other specifications may serve the same purpose, but (28) has the advantage of generating a 
dimensionless number. One can compare this indicator with the one that reflects the number of years 
that resource supply from known stocks can meet the demand, assuming that it remains the same for 
the coming years. The latter type of indicator is often used as a scarcity measure for non-renewable 
resources (especially fossil fuels and ores). For instance, if the demand for resources is always equal 
to Rnew and the known stock S, then S/Rnew gives the number of years that the demand can be met 
by supply. This value may be compared with a reference value to see whether there is cause for alarm. 
In our case, renewable resources and sustainable development conditions lead to a different indicator. 
However, for d=pN=p s=1 an indicator similar to the one just mentioned is the result. Our reference 
value is 1, so that for this set of parameters the conclusion is that, with enough supply for at least 1 
year, there is no cause for alarm (since the value of Rshort is always 1). This may seem an odd 
conclusion. However, one must recognize the fact that the parameter values reflect a very myopie, 
ethically poor society. When d=0, for instance, a sustainable resource supply from renewable stocks 
makes the conclusion fair. 
Similar to the approach for resource feedbacks, one can also take a ratio of waste assimilation 
M(P,E) and waste emission to obtain an indication of the degree of unsustainability of waste emission 
(Wtoo)5: 
Sustainable waste emission is used analogously to sustainable resource use in a strict sense (applied to renewable 
resources): the controlled flow of waste emission is such that the stock of pollution remains at the same level. Alternatively, 
one may define it as avoiding a decrease in the stock of renewable resources, indirectly, and for a given resource extraction 
rate, or as preserving the assimilative capacity of the environment. 
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WtQO - MIN{l,A(P,E)/Wem} (29> 
Since all three variables Rshort and Wtoo have values ranging from zero to one, the following functional 
structure ensures a range similar to that of E for the ecological effect variable ee that appears in the 
model of endogenous technological progress in (1). 
*e - *short*Wtoo** C30) 
Now we have the means to specify an investment equations that is based upon Rshort, Wtoo or ee 
in order to have a feedback from the environmental state and the ethical stance to economie actions, 
as we already did for new technology formation and innovation. In the next chapter we will look at 
such investment rules when we perform scenario analyses. 
This concludes the description of the model equations. In the next section we will look at the 
requirements which the initial conditions on the economie stocks have to satisfy in order that economie 
supply-demand balances and SD conditions are satisfied. 
6. COMMENTS ON THE MODEL 
The model as a whole includes 9 variables whose values are - up until now - not endogenously 
determined. These can be considered as either control or behavioural variables. They are C, O r t and 
Ij (ieK). Two allocation mechanisms - for production output Q and for investment I - have to be 
decided in order to solve the model. When C and 5 out of the set of 6 investment variables Ij (ieK) 
(for each sector) are given, then the O^ and the remaining L QeK) will be determined by the 
economie balance equations in (15) and (16). Such distribution schemes may be constructed in several 
ways: as fixed or changing shares; on the basis of behaviourial relationships; or as a result of 
optimizing an intergenerational welfare function. The latter option will not be pursued here since the 
model is far too complicated in order to solve a dynamic optimization problem. The first two 
alternatives will be pursued here. In appendix C we will give the distribution schemes of investment 
and production output Q. In Section 7 we will modify the investment scheme for scenario analysis to 
deal with the SD feedback mechanism, i.e. through technology and investment decisions. 
From the equations in Section 3, one can derive by substitution of the economie stock equations, 
the materials balance equations and the activity/production equations, resulting in (31). 
Y,dKjdt
 +dSJdt+dR /dt 
ieK 
' I- E A ( 3 ) +*l***a +^2*(^rec " * ree) (31) 
i€K v ' 
+ÜH
 +JRs +Rree-cQ{Ttd*Q-cl(Ttd*I 
- *N+*s-W e m 
This can be interpreted as: [stock changes]economic ^ ^ = [input - output flows]economic ^gtem. 
From the ecological dynamics described in (20) it follows that 
dN/dt+dS/dt+dP/dt - G(NP)-M(P£)-Rii-Rs+Wm (32) 
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which can be interpreted as [stock changes]ecoiogical system = natural changes + [input - output 
flowslecological system- Combining the two results gives 
£ diq/dt +dSjdt+dR /dt 
ieK W 
+dN/dt+dS/dt+dP/dt - G(N£)-M(P£) 
which may be interpreted as the complete economic-environmental system being open with respect to 
environmental flows related to regeneration and assimilation (e.g., nutrients). This seems realistic since 
each ecological system is in contact with other natural systems via biogeochemical flows. Strict 
application of the materials balance principle (formulated as: changes in all stocks in a closed system 
add up to zero) would give rise to a rigid condition G(N,E) = M(P,E) for all values of N,P and E. It 
is a consequence of the absence in the present model of a stock such as nutrients. This explains why 
some of the incoming and outgoing arrows in resource and pollution stocks shown in Figure 6.2 are 
not connected on one side to other stocks. If we let Nu denote the stock of nutrients, then its change 
dNu/dt should equal -[G(N,E)-M(P,E)]. The interpretation is that nutrients can be in only one place 
at a time: the biotic or abiotic stock of resources, the stock of pollution, or the abiotic stock of 
nutrients. Over time they move between these. We may thus add this dynamic equation to the model 
if it is desired that an overall materials balance condition is satisfied by the model description. 
Appendix B contains requirements for initial conditions on the stock variables in the model. 
7. SCENARIO ANALYSIS 
In this section the results of scenario analyses will be shown, based on our general economic-ecological 
model. This serves two purposes. First, it will show the type of patterns that can be generated by the 
model (the external logic of the model). Second, certain types of (policy) strategies and exogenous 
scenarios can be illustrated by it. However, since the model is very aggregate, one cannot expect a 
direct link between the scenarios studied on the one hand, and concrete outlines of operational policy 
measures on the other hand. Appendix C shows the assumptions made for this reason, with regard to 
functional specifications, initial conditions, and parameter ranges and values. In the discussion of the 
simulation results, we will concentrate especially on the outcome with respect to final goods production 
over time. For the model we may compare the different exogenous influences upon this variable, which 
we use as an indicator of economie performance. In the case of a closed or global system we will take 
a further look at some of the other crucial variables. Most of the scenarios chosen aim at providing 
some insight into the behaviour of the system (as it is modelled) under different circumstances/initial 
conditions. In Table 1 we list 8 scenarios and their changes with regard to a stationary scenario gO (g 
from global). The variables are such that ethical concerns, environmental quality, non-renewable 
resources, and the pace of growth can be taken into account. The gO-scenario is the basic, stationary 
state scenario representing a stationary economy (no capita! stock changes) with a balance of the 
demand for and supply of investment goods, maximum environmental quality, a balance of demand 
for and supply of resource materials, and minimal ethical concerns for future generations. Each of the 
gl to g5c scenarios deviates from this basic scenario in at least one of these respects. In the scenarios 
g2 and g4 the environmental quality variable E is initially equal to 0.5 as a result of the chosen initial 
stock values for renewable resources and pollution. Scenarios 5a/b/c represent moderate, strong and 
very strong ex ante growth schemes. 
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go gl g2 g3 g4 g5a g5b g5c g6 g7 g8 
Ki 3.6 5 7 10 10 10 
N 15000 10000 10000 
P 100 599 599 
S 3000 1000 
d 0 1 1 1 1 
inv 0 1 1 1 
Table 1: Scenarios for analysis with the global or closed system model (g-scenarios); empty 
cells denote the same value as in the gO scenario; 'Kj', 'W, 'P', 'S', 'd' and 'inv' stand for 
initial stocks of capital in the investment sector, natural resources, pollution and non-
renewable resources, and two dummy variables for the degree of ethical concern and the 
feedback to investment allocation, respectively. 
Scenarios 6 to 8 deal with feedback to investment allocation (inv=l). This means that 
investment is re-allocated (after allocation as indicated in Appendix C, satisfying balance 
conditions) from final output to abatement and recycling when the indicator ee (taking values 
between or equal to 0 and 1) is below its maximum. The correction terms that are applied 
respectively to investment in final goods production, waste abatement, and recycling are given 
in (34). The parameter values chosen are as follows: partjQ = partje = 0.5; the pattern of 
Q was similar when partje was changed in 0 or 1. The dummy inv denotes whether or not 
the feedback to the investment allocation is working (1 and 0, respectively). 
correction IQ - cor, —inv*partQ*(l-ef.)*lQ 
correction 1^ - part^+cor^ 
correction 7rcc - part^+cor, 
Pa%& + VaTtr<x ~ 1 
In scenario g6 the initial allocation and level of investment are based on the assumption 
of a stationary state. In g7 strong growth is combined with endogenous investment allocation. 
g8 differs from g7 by suppressing strong ethical concern, so that reactions in both investment 
allocation and technological progress will be less than under g7. 
Since environmental quality is higher for scenarios gO, gl and g3 than for scenarios g2 and 
g4, the initial production output is also higher (see Figure 4). For g2 and g3, environmental 
quality is the single cause of decreases in output. For the other three scenarios resource 
scarcity is an additional cause, as it leads to under-investment and decreasing stocks of capital 
over time (see Figure 5). However, the curve for g4 in Figure 4 shows that more concern for 
future generations and natural environment gives rise to a slowing down of the decline in 
output. 
The pace of technological progress is influenced by 3 factors: investment, environmental 
effects, and ethical concerns. With specific attention (or ethical concern) for future and 
environment, and with an non-optimal environmental quality, technological progress is seen 
to be highest in scenario g4 (see Figure 6). In g4 two out of three factors are active. Scenario 
g2 shows also a high technological progress, because the system described by it suffers from 
very low environmental quality (one factor). Scenario gO and gl have an equal pace of 
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technological progress as a result of equal capital investment (both initially stationary state 
paths). Scenario g3 shows the slowest technological progress, partly since the environmental 
effects are missing. To observe this completely, one should compare the environmental quality 
for each scenario in Figure 8. This may be interpreted as few non-renewable resources (e.g., 
fossil energy resources) giving rise to output decline and neutral or propitious environmental 
effects. 
Supply patterns of resource materials (Figure 7) differ widely because of the following 
factors: renewable resource stock, non-renewable resource stock, extraction and recycling 
capital, technological progress affecting extraction and recycling efficiency of capital. Concern 
for future generations allows the supply of materials for the present choice of initial natural 
resource stocks to keep increasing (gl and g4). A low environmental quality causes materials 
supply to be initially lower for g2 than for g3, but at a later stage this relationship inverts. This 
change results from a favourable turn in the development of the capital stock and technology. 
Figures 9 to 12 show different output patterns for various combinations of renewable 
resource and pollution stocks, all under a stationary (gO) scenario. The results show that 
patterns depend strongly on initial values of these variables, and that patterns of collapse are 
usually foliowed by recovery, though at a lower level than the initial one. This can be 
explained by the fact that a collapse of output may go along with a decrease of environmental 
pressure from both less resource use and less waste residuals being generated. This depends 
first of all on the magnitude of a fall in environmental quality and resource scarcity that 
causes an economie breakdown. Furthermore, whether recovery can occur, especially at a fast 
speed, depends also on certain characteristics of the economie system that determine its 
recovery capacity, such as technological progress, and capacities of abatement and recycling 
activities relative to production capacities. In Figure 12 one can find patterns that have a short 
recovery foliowed by a second collapse (or a phase-wise collapse). Here, the environmental 
breakdown causes a economie collapse, which allows environmental pressure to be weakened. 
The stationary path up to time 19, however, did not stimulate technological progress very 
much, so that the economie recovery capacity was weak, giving rise to the second collapse 
after time 22. A general conclusion is that the two-way economic-environmental interactions 
cause interesting feedback loops. One cannot simply make the general statement that a better 
initial environmental state will lead to better economie performance over a certain period of 
time. One has to realize that a better environment may give incentives for high growth and 
(ex post) undesirable or wrong directions of technological progress. 
In Figure 13 different growth patterns are shown. Here, one can compare long term 
effects of variation in the initial capacity for growth (given by the stock of capital in the 
investment sector) on output. Only modest growth seems sustainable over the time period 
shown. Strong growth leads to a quickly decreasing environmental quality, and a collapse in 
output. The size of the fall in output levels is comparable for strong and very strong growth. 
As a consequence, it seems not to matter (relatively) how fast one grows, since the collapse 
will be relatively hard. However, the output level under strong growth is catching up with that 
under very strong growth at the end of the period shown (the environmental quality levels are 
also equal). 
Figures 14 and 15 show the results in terms of final goods output of scenarios 5,7 and 10. 
We have taken a time horizon of 100 years since we wanted to see the very long term effects 
of a completely different development of the sectoral structure. Here the investment allocation 
is endogenously influenced by the state of the environment and the ethical concern, which we 
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called SD feedback (according to the equations in (34)). From Figure 14 it is clear that this 
reaction (called 'adjustment') has a positive effect on output in the long run, as compared 
without such a reaction. Collapses foliowed by growth are evaded, i.e. patterns are smoothed 
out. Initially the output decreases faster under the investment allocation reaction, but from 
time 40 on output is higher. The collapse foliowed by recovery and a second, catastrophic 
collapse are explained by the fact that a collapse of the economy allows for decreasing 
environmental pressure and new economie opportunities for growth. However, the growth 
path is so steep, because of the relatively large supply of investment goods, that environmental 
pressure increases along with it. This causes the final collapse. In Figure 15 patterns can be 
compared between g5c (strong growth without adjustment of investment allocation), g7 (with 
investment reaction and ethical concern) and g8 (minimum ethical concern for future 
generations and/or natural environment). It is clear that without much ethical concern the 
reaction is too weak for output to stay on a growth pattern. When adjustment of investment 
allocation is based on the strong notion of ethical concern, the growth pattern can be 
maintained for a very long period of time. Finally, a sharp fall in output results, caused by 
both the negative impact on the environment of maintained growth and the investment 
reaction diverting investment from final goods production to waste abatement and recycling 
sectors. The pattern finally seems to stabilize on a positive lower level. The conclusion may 
be that the development of sectoral structure has a large impact in the long run on the level 
output of final goods. 
It is clear from the foregoing interpretations of the results depicted in Figures 4 to 15 that 
interesting and non-trivial insights can be obtained. The model can be regarded as helpful in 
our understanding (i.e., deduction) of how economy and environment interact in the long run, 
when material and physical relationships, and behavioural feedbacks are regarded. We will not 
draw conclusions about whether we are facing collapses in reality, mainly because it is very 
difficult to estimate the present position of economy and environment (e.g., of the world or 
some particular country) in the various diagrams. The important interpretations of the results 
should not be that within a known period of time the system will break down. More important 
are the types of patterns, with intermediate dynamics of collapse and recovery. Still, the results 
lead to an important observation, namely that permanent decreases in environmental quality 
or environmental stocks cannot sustain a positive trend or even constant level of economie 
performance. Clearly, this conclusion is strongly dependent on certain characteristics of the 
model, namely the material balance conditions and the impact of environmental quality on 
economie activities. For these reasons it is difficult to state with much certainty when this 
conclusion will become relevant for the 'real world'. 
Further research with the present model should concentrate on different allocation 
mechanisms for investment. The present mechanism assumes fixed rules of allocation for the 
reference scenario. Only in scenarios g6, g7 and g8, the rules for investment are endogenous. 
Endogenous allocation rules for renewable and non-renewable resources seem not so relevant 
at this point. This option is more obvious when a more disaggregate analysis is carried out 
with respect to the number and types of (substitutable) resources. 
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Figure 7: Total supply of natural resource materials over time for scenarios g0-g4; closed 
system. 
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Figure 9: Development of final goods production over time for an mitial renewable resource 
stock N(0)=10000 and 4 different mitial pollution stock levels; closed system. 
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stock N(0)=15000 and 4 different initial pollution stock levels; closed system. 
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Figure 11: Development of final goods production over time for an initial renewable resource 
stock N(0)=20000 and 4 different initial pollution stock levels; closed system. 
21 
t 
« -
« -
8 -
o 
o 
8 
8 
D D D D D D D D D D D 
*-
>
«-^--i ' i ' i i—K—t— y 
O h 
8 
O O O O O — 0 0 0 0 0 0 0 
A A A A A A A A A A A\A 
d \ i \ i \ i I i1 f i . I A I iii 11'. I i . 12'o 1 2 ' 2 | *'< | 
1 I I 7 • 11 11 11 17 1> t l 21 25 
D P-100 
Tl HE 
+ P-Sll O P-1888 A P-1180 
Figure 12: Development of final goods production over time for an initial renewable resource 
stock N(0)=25000 and 4 different initial pollution stock levels; closed system. 
sts 
sto 
310 
108 
208 
218 
278 
288 
2(8 
248 
218 
228 
218 
218 
118 
111 
171 
111 
1(8 
148 
i \ i \ 1 I i I i | 1 . I 12 | 14 | 1' . 1 1 . | 2'l | 2'2 | 24 | 
1 * I 7 i 11 11 11 17 11 21 21 26 
Tl HE 
D t l t t l t n t r y + B o l i r t t * o « I r e n i A v*ry stro»s frowth 
Figure 13: Final goods production over time for scenarios gO, g5a, g5b and g5c; closed system. 
22 
(40 |— 
(10 -
300 -
110 -
til -
140 -
189 -
100 -
10 -
• 0 -
40 -
10 -
0 — 
^mrimiwmwmwrnwmw 
Ti U i 
D na adluataant o a d | u a t » n t 
Figure 14: Development of final goods production over time for scenanos gO (no adjustment) 
and g6 (adjustment); closed system. 
too 
100 -
700 -
100 -
(00 
400 
S00 -
200 
100 
"WTwrnmrnrmwiTmTmT 
Tl HE 
+ na (4J « t l • • • ( A ad |u t t«ent x I I t i l * aanoara 
Fipure 15: Final goods production over time for scenanos g5c (no adjustment), g7 
(adjustment) and g8 (litte ethical concern); closed system. 
23 
8. REGIONAL DEVELOPMENT AND NATURAL ENVIRONMENT 
A major reason to confine oneself to one region is the limited number of diverse natural 
systems included (e.g., ecosystems), and consequently the limited number of interactions with 
the economy. This may simplify the sustainable development problem compared with that of 
the global system. A more effective analytical approach is permitted on a regional scale due 
to the availability of data, the applicability of models, the use of performance indicators, and 
less variety in economie and environmental parameters. Furthermore, the possible use of 
region-specific instruments, the uniformity of interests, and the existence of adequate 
institutions on a regional level allow for an appropriate design and implementation of rules 
for sustainable development. The two main differences between a regional and a global system 
are related to the region's open character. They are the cross-boundary economie and 
environmental flows and the external determinants of regional development. Regional 
sustainable development has to fulfil two goals: (1) it should ensure an acceptable level of 
welfare for the regional population, which can be sustained in the future; and (2) it should not 
be in conflict with SD at a supra-regional level. The problem of unsustainable development 
of a region is linked to the fact that the size of a regional population and economy are not 
checked sufficiently by the region's carrying capacity, and therefore overshooting may occur. 
In many cases this may be acceptable if at a higher level of spatial aggregation overall 
sustainability is ensured. A second reason for unsustainable development of a region may be 
the existence of the negative external impacts of regional development, cross-boundary 
pollution and global phenomena (e.g., climate change) from which regional control is 
separated. Both the regional cross-boundary flows supporting the economy, and the cross-
boundary pollution cause the regional carrying capacity to be exceeded for a while, and 
therefore the environment may be harmed structurally. The consequences may be negative for 
the natural environment - and subsequently the carrying capacity - as well as for the long run 
performance of the regional economy (see Nijkamp et al., 1991). 
The literature about regional economie development and natural environment is not 
abundant; especially simple models are rare. The use of models for regional sustainable 
development can be approached from three angles, namely regional economie theory, growth 
models for an open economy, and resource management models. Because of the long term 
horizon the growth models are most useful. Complex models for regional economy-
environment interactions have been designed in several cases. However, they are usually ad 
hoc and do not deal with long term patterns. In order to provide for a formal framework to 
deal with long term development, economy-environment interactions, and SD feedbacks on 
a regional scale a closed systems' model can be extended to a regional scale (see van den 
Bergh, 1991; and van den Bergh and Nijkamp, 1991b). 
Regional modelling requires that attention is paid to the mentioned external determinants 
and cross-boundary flows, both economie and environmental. The external determinants may 
be included by way of exogenous variables. Modelling regional economic-ecological 
interactions requires the description of relevant and important economie private sectors, public 
sectors, land and marine ecosystems, groundwater systems, agricultural systems, and 
demography. The linkage of activities and natural systems requires that the interactions are 
included in the full description. Special cases require special models: for some regions one 
ecosystem, or one activity, may be dominating. Interactions in a model between regions are 
very relevant to regional sustainable development, because it is a way to make structural 
changes for regional industrial composition endogenous, for example, as a result of factor 
mobility, or interregional competition. 
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9. CONCLUSIONS 
This paper has some modest ambitions in motivating the choice of a general and aggregate 
model for SD. This model contains elements of formal growth theory, and combines a multi-
sectoral economie description with a description of natural environmental processes. This 
required also that interactions between the economy and environment were accounted for. In 
comparison with economie growth theory the model includes several elements not treated 
there: the impact of environmental quality on economie production processes, and the impact 
of environment via a SD feedback mechanism on decisions related to capital accumulation and 
technological progress. So one may regard the model to have an endogenous growth rate 
determined partly by the state of the environment and SD conditions (including the prevailing 
value system). Contrary to what one might expect, the purpose of the present model was not 
to be helpful in deciding whether there will be sufficiënt resources for long term economie 
activity, or whether ultimately growth is better than maintaining a steady state, or even 
whether pollution will become a main problem eventually. The usefulness arises from the 
features of two-way economic-ecological impacts, and the inclusion of feedback mechanisms 
to economie decisions. These allow for a study of the medium and long term dynamic 
consequences of environmentally sustainable development conditions and concern for future 
generations and/or natural environment. For example, even if in the long term the entire 
system will break down, it is still relevant to understand what dynamic economie and 
ecological patterns are likely to occur under given conditions before it actually happens. A 
study of the general behaviour of the proposed model can be done by performing simulation 
experiments with models based on this general structure. 
What makes the present model interesting is the fact that it combines several 
characteristics: (1) a materials balance model for within-economy and between-economy-
environment flows; (2) an aggregate description of natural environmental processes; (3) a mix 
of economie and natural factors in production functions; and, (4) the SD feedback from 
environmental indicators based on value systems to decisions that affect investment allocation 
and technological progress. 
The scenario analyses showed that the model gives rise to both understandable and non-
trivial conclusions with regard to time patterns for critical variables over time: output growth, 
environmental quality, technological state, and resource availability. The sensitivity of the 
system with regard to some initial conditions, e.g. on the stocks of resources and pollution, 
provides insight into the complexity and odd behaviour of relationships and variables. Some 
regional scenarios give rise to patterns that may be compared to growth scenarios for the 
closed system case. Most scenarios indicate that no growth will occur, or that growth will be 
foliowed by combinations of collapse and recovery patterns. One may think that this shows 
a somewhat pessimistic view - yet others may think it shows realism. However, the outcome 
for each scenario must not be interpreted in isolation, not as absolute truths. They should be 
compared with one another - as was done in the previous sections - so that one can obtain 
a feeling for the dynamic behaviour of an interrelated economic-environmental system. 
Appendix A MODEL NOTATION 
the set K = {Q,I,wa,rec,N,S} denotes the 6 economie sectors 
Stock variables: 
B = a slowly renewable resource (soil,land,water) 
K = total economie capital 
KQ = productive sector capital 
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*S»a 
ir 
^rec 
% 
Ks 
N 
P 
Pop 
"sup 
S 
^wa 
T r d 
Z 
investment sector capital 
waste abatement/treatment capital 
•• recycling capital 
:
 renewable resource extraction capital 
;
 non-renewable resource extraction capital 
:
 the stock of renewable resources 
stock of pollution in natural mediums or organisms 
human population level 
total availability (supply) of natural resource materials in inventory 
the stock of non-renewable resources 
the stock of useless, stored waste 
progress indicator of environmental technology 
;
 artificial variable (total 'real' output delayed) 
Flow variables: 
C 
E 
I 
I i (i«K) 
O r d 
"occ 
LD 
Ls 
Q 
Rdem 
% 
^N.perc 
Kperc 
«s 
**S,perc 
Rshort 
"ree 
Rshort 
Rwa 
e e 
u 
" o m 
w, Q,I 
too 
consumption 
indicator for overall environmental quality 
total investment in replacement and new capital 
investment in sector i 
social investment in research and development 
used economie capital 
employment (jobs) 
labour force 
output of final goods sector 
total productive and consumptive demand for resources 
renewable resource extraction 
subjective/perceived availability (rate) Of renewable resources 
required extraction of resources 
subjective/perceived availability (rate) of all resources 
non-renewable resource extraction 
subjective/perceived availability (rate) of non-renewable resources 
indicator for insufficiency of perceived resource supply 
recycled resource materials 
perceived shortage of resource supply to demand 
abated/treated waste 
ecological effect indicator for technical progress 
long term labour market unbalance (unemployment) 
emitted waste 
gross waste from final and investment goods sectors 
waste amenable for recycling 
indicator for unsustainability of waste emission 
Functions: 
A 
B 
b i (i=l,..,5) 
°Q 
CI 
D i (ieK) 
F Q 
Fl 
% 
FS 
F i " 1 ( i=l„6) 
'wa 
f 
'ree 
G 
H 
a 
assimilation function 
population growth rate 
regeneration and damage functions of slowly renewable resources 
ratio of resource input to material output in final goods sector 
ratio of resource input to material output in investment goods sector 
discarded capital 
unrestricted production function final goods sector 
:
 unrestricted production function investment goods sector 
:
 unrestricted production function renewable resource extraction sector 
:
 unrestricted production function non-renewable resource extraction 
sector 
determine for each sector used capital 
;
 part of production waste that is abated/treated 
: part of waste amenable for recycling that is recycled 
:
 regeneration function of renewable resource capacity 
< environmental quality function 
:
 general investment effect parameter on technology 
: effect of social R&D investment and part of production increase on 
technology 
Parameters: 
d 
PN 
PS 
s l 
s 2 
dummy for basing resource availability on stock or sustainable flow 
part of stock of renewables that is regarded as available for use now 
part of stock of non-renewables that is regarded as available for use 
now 
part of treated waste going into stored, useless waste 
part of waste after recycling going into stored, useless waste 
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production increase parameter in technology formation equation 
Appendix B. REQUIREMENTS FOR IN1TIAL CONDITIONS 
Here we will state conditions for initial values of capital stocks. We have to sotve a set of equations reflecting a 
balance of demand and supply initially on markets for investment goods and resource materials. Furthetmore, we 
givc conditions on economie stocks of capital as having initially sustainable resource extraction and sustainable waste 
emission. Finally, we list the conditions for stationary growth paths (proportional growth of all sectors). In the next 
chapter, these conditions will be useful in performing simulations for a scenario analysis with the model. 
The balance between the supply of and the demand for investment goods requires a certain sectoral distribution 
of capital such that 
m) - E^  os) 
ieK 
holds, and, if we require at least stationary development of all sectors, 
the following inequality is satisfied: 
^(^)^EA(^) (36) 
ieK 
A second important balance is that between the demand and supply for resource materials. For a stationary path 
it is formulated as R n e w + R r e c = % + R S - I I "Hplies that Q=Fg(Kq,E) and I=F I(K I), and leads to 
CQ(7 r d)*FQ(2^,E) ^ ( T ^ * ^ ) 
- R^ * Afflv{FN(%,iV,£) , JRN > p e r c} + MrAr{F s (^ ,5 ) s J R S ) p c r c } 
For a stationary path, where for all positive t and all xSt Wrec(t-x)=Wrec(t-x), R r e 0(t-x)=R r e c(t), Trcj(t-
x)=T rd(t), etc., we can solve it as foUows. In the case where the perceived renewable and non-renewable resource 
amounts exceed the extraction capacities (based on FH( ) and F s( ) ), we can derive that a balance between supply 
and demand occurs for sectoral capital stock sizes satisfying, for given state of technology, environmental quality, 
and resource stocks, the equality in (38). We will use this to make our choice of initial values of the sectoral stock 
variables, so that initially a balanced economy is represented. Because of non-linear relationships between capital 
and activity levels, proportional sectoral capital growth may lead to a unbalanced development of actrvity levels, and 
a gap between supply and demand for resources. 
I /Q^rd) ~/rec(3rd>Xrec) 
ieK 
When the extraction capacities exceed (ethical-ecologjcal) 
acceptable resource extraction levels, the equation to be sotved becomes (39) instead of (38). 
[<o( rrd) -/rec(7rd'Krec) 
<^d*ur«^*u?*te«*#ti> -i)K(v)
 (39) 
+ [Cl(T^ - ( l -^ 1 )*^( r r i ^ w a )* / rec(7rd^rec)*(Cl (7rd) " 1 ) ] * W ) 
" / r e c ( V r e c ) * E A ( * D " <**PK*" ~ (l-d)*G{N& - Ps*S - 0 . 
ieK 
Trying to establish a dynamic path which satisfies (38) or (39) may be impossible; it is at least very hard to do. It 
requires that the equations have multiple solutions so that new values of K^ on a development path are in the 
solution space. 
Sustainable use of renewable resources requires a stock of renewable resource extraction capital that satisfies 
%<G(N,E) on 
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F N ( % A f , E ) < G ( W , E ) (40) 
And this can be written as: 
-ftcc(Tid>Krec) 
~ (l-h)*UTraJU*f™(Tr6#rec)*(CQ(TJ " 1)]* W > * 9
 ( 4 1 ) 
+ ^ ( T r f ) - ( l - . 1 )*4 a (7 , rd^)*/ rec(7rd^rec)*(Ci(7 ' r d ) - 1 ) ] * ^ ) 
ieK 
Sustainable waste emission, defined as Wem<A(P,E), requires sectoral stocks of capital that satisfy inequality 
(42). 
| l -LzVrtfivJ * (l-sMl-S^UTrtX^'Q. -/recCTrd»^))]* 
(CQCT^-I)
 + (i-s2)*(i-/rec(rrd^rec))}*FQ(i^^) 
+
 [i-MT***)+(i-*i)*a-*2)»JU(ï,Id^™)*(i-^c(7,ri^tc))]* 
( c ^ - l ) * ^ ) 
ieK 
Finally, in order that a stationary path be generated, at least the following conditions must be satisfled: l± = 
Di(Ki)(i£K),B(C/Pop)=0,RN = G(N,E)andWem = M(P,E) and b1(E) = b2(dK/dt) + b3(dPop/dt) + b4(RN) 
+ b5(Rs). The first of these can be solved by choosing, for a given total capital stock K, Kj such that F J ( K I ) -
D J ( K J ) •+ Kj = K, subsequently allocating K - Kj to the remaining sectors (such that other conditions are 
satisfied). 
Appendix C. SPECIFICATÏON, PARAMETERS AND INITIAL CONDITIONS 
The aggregation level of the model makes it difficult to base functional forms and parameter values on empirical 
data. Furthermore, variables such as productive capital stocks or investment activities are vague and open to various 
interpretations; these have different implications for parameter choices. Now we will outline the specifications and 
parameter choices that are consistent with certain requirements and seem not too far from realistic values. First, 
consistency requirements and functional charactenstics are given. Then, the choices for specific functional structures 
and parameter values (in the basic scenario) are motivated. Finally, the realistic ranges are given for some important, 
uncertain, policy or behavioural parameters (the latter two types may change over time). All functions and variables 
are non-negative. The following set of consistency conditions applies to the functions in the model: 
C Q ( - ) , q ( ' ) > 1 
/ w a ( - , - ) . j U ' . - ) * 1 (43) 
S^2 €[0,1] 
The functions in the model are specified as follows. 
FJ^E) - MIN' I2SL.1 
£crit+ f lQ 
'*]<Q*KQ 
(44) 
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To establish physical capital coefficients (capital divided by total production), the Netherlands' data in Table 2 are 
illustrative (based on CBS yearbook, data 1988). The capital size was derived by assuming an average price of capital 
equal to 2 guilders per kg. 
xlO y kg production 
(1) 
kg capital 
(2) 
physical capital 
coëfficiënt: (2)/(l) 
food, cloth 10 45 4.50 
oil 70 10 0.14 
chemicals 16 35 2.19 
construction 20 3 0.15 
metal 20 11 0.55 
total 136 104 1.31 
Table 2: Rough estimates of physical capital coefficients. 
In physical terms a value for kg can be compared with that for food in the table; we choose kg=5. It is assumed 
that CQ(Trd(0))=1.4, so that with T rd(0) set at 100 (index) a possible choice for (bQ,CQ) is (600,400). Estimates are 
that as a result of environmental deterioration (pollution, soil erosion, water extraction) in agriculture, 5 to 10% 
damage is done to crops in some developed countries and 10 to 20 % in developing countries; damage done to 
recreation, housing, etc. is not as simple to quantify. Based mainly on agricultural data we take for E=0.5 
(E+aQ)/(Ec r i t+aQ)=0.9; then for E c r i t =0 .8 aq=2.2. 
^ r d ^ 
7rd+C! 
(45) 
It is assumed that the capital sector is more capital intensive (physically) than the final goods sector (e.g., electronics, 
chemical, metal, construction materials), so that 1/kj s» l/kg. The efficiency of resource use is assumed to be 
somewhat higher in the capital sectors than in others: CQ(TC(J(0))<1.4, SO that a possible choice for ( b ^ j ) is 
(550,400). 
•&ra(7rd>Xwa) " öwa* 'rd 
^wa 
r r d + b w a •"wa+£wa 
(46) 
We choose a„a=0.95 (maximum abatement is 95 % of waste subject to abatement). K„a=5. Initially 65% 
abatement; the contribution of the technology and capital terms in the multiplicative specification are assumed to 
be equal initially, so that (0.95*100)/(bwa + 100) = 0.650-5 = 5/(c„a+5), or bw a = 18 and (^„ = 1.2. 
/rec(7rd>Xrec) •" flrec* 'rd 
* « c 
^rd+^rec ^ e c + cr< 
(47) 
We choose a r e c=0.8 (maximum recycling is 80% of waste subject to recycling). K r e c =5. Initially 15% recycling; 
also here, the contributions of the technology and capital terms are assumed to be equal initially, so that 
(0.8*100)/(breo + 100) = 0.15°-5 = 5 / (c r e c +5) ,o rb r e c = 107andc r e c=8. 
FN(K^,N,E) - cN*^N*(Af*£/N (48) 
We assume oN = 0.8, %=0.2 and aN=1.8. 
Fs(KS'S) " %*^S* *^sh (49) 
We assume os=0.7 (non-renewable resource extraction more capital intensive than renewable resource extraction), 
and /5S=0.3 (stronger negative effect of decreasing stocks in comparison with rnr) and as=0.9. In both extraction 
sectors we assume thus constant returns to scale. 
A W - « i ^ . feu: (50) 
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Because of new trends capital depreciation is assumed to take place at a faster pace in the final goods (Q) sector, 
where we assume <Sg=0.04 or an average lifetime of 20 years. In all other sectors we assume a rate of 0.025. 
a(ee) - l - a * e 
e(ee) - l - e * e 
(51) 
For e=l (maximum) the minimum levels of functions a( ) and e( ) are obtained, which we choose equal to 0.002 
and 0.004 .respectively. This leads to parameter values a=0.098 and e=0.096. We assume 6=05. 
«B-
B\ Pop 
(52) 
100 
In (52) it is assumed that population increases at a rate depending on the difference between C/Pop (estimated 
initially at around 5) and a level aB. The initial growth is assumed 5% so that aB = 10. The functional structure 
applies especially to medium developed countries. 
ee - * s h o r t * W t o o * £ (53) 
This simple multiplicative form restncts e e to the same range as each of the three parts, namely inbetween zero and 
one. 
H(N,B,P,Oc) - M4XJ0.2 , MIN{l,N/Nctit}*MIN{l,B/B^}* 
MIN{l,Pclit/(P + l)}} 
(54) 
The following values are assumed: 1^^=0.2, N c r i t = N * (where G(N,E) has a maximum). Based upon the initial 
levels of B and P and the expected B c r i t =100 and P c r i t =450. Initially the E level is approximately 0.5. 
r 
G(N,E) - MIN{E/Eait,l}*r*N* 1-
N 
Affiv{2</Ecrit,l}*CN 
(55) 
N(t) is initially assumed at 10000, a third of its maximum value CN = 30000. r is 0.05, so that regeneration at a 
maximum environmental quality (E=l) is 333.3, with the actual environmental quality (E(0) = 0.5) as 145.8, and has 
a maximum for E=l and N=N* = 15000 of 375. 
M(P,E) - M/Ar{£/£crit,l}*üi,*Fb (56) 
ap=0_5 and bp=0.9, in order to include 'decreasing returns to scale' in waste assimilation. Initially P is equal to 100 
in the basic scenario. i 
bx(E) - a*E 
[eK dt J
 i£K dt 
bjRH) - d*RN 
bJRs) - e*Rs 
(57) 
30 
a=0.005, b=0.00005, c=d=0.0001, e=0.00004, in order to obtain terms of similar size. 
Finalty, the critical damage level for natuial regeneration, assimilation, and slow regeneration is equal to that for 
economie production (see above), namely 0.8. 
The distribution of Q and I is as follows: 
C - ac*Q+br 
^
 C
 (58) 
0&-Q-C 
The consumption propensity is set equal to 0.5, and the fixed consumption level is 30. 
Investment allocation equalizes all sectoral relative growth rates of capital: 
Ii-6i*Ki + (!-'ESfq)** ( 5 9 ) 
jeK 2^AJ 
The initial economie capital stock values are such that supply and demand for bot h new capital and for resources 
are in balance for the basic scenario (see section 6.7): KQ(0)=30, Kr(0)=4, K„a(0)=Kr ec(0)=5, K^O)=15, Ks=30. 
The other stocks are at the beginning as follows: X(0)=Y(0)=Z(0)=0 since the structure of their equations is such 
that they are set to zero each time; immediately after the beginning they will attain their 'right' values. Trcj(0) = 100, 
S„(0)=0, Pop(0)=100. The initial values of N,P and B are chosen such that E(0)=0.5: N(0) = 10000, B(0)=100, 
P(0)=200. S(0) = 3000. 
In order to find the initial conditions of the economie stocks, the following set of equations has to be solved (see 
Appendix B): first, the balance between resource materials supply and demand: 
*5*KQ + Afflv{(E+2.2)/(£+£:crit))l} 
7^+600 
7^400 
7^+400 ^ H 
with R r e c , RJJ and R s given as above; second, the balance between investment goods supply and demand for a 
stationary path: 
0M*AQ
 + fiK*(A^+^ec+^,+^) - ( * J - * K ) * ^ (61> 
For an initial choice of T r d = 100, N«15000, P=100, B=100 - so that E(0) = 1 (maximal environmental quality) - the 
choice (KQ,KI,Kwa,Kreo,I^},Ks)= (43,3.6^4.30>30) satisfies these conditions. Initial values for R s u p and S may 
be chosen that the initial conditions mentioned in Appendix B are satisfied. 
In Table 3 we show the ranges and values in the basic scenario for certain parameters that may be changed for 
the purpose of sensitivity or scenario analysis. 
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parameter range in basic scenario in equation 
E c r i t (0.2,1] 0.8 Q^.B.P.Rjjg,, 
ki [1,4] 1 *'*Tiew 
» l (400,600) 550 ï'Knew-WQ.I 
^ a (0,1) 0.95 Kwa 
a rec (0,1) 0.8 **rec 
*K [0.025,0.05] 0.025 W r e c , dKi/dt, 
UK\{Q} 
a [0.05,0.2] 0.098 dT r d /dt 
aPop [0,8] 5 Pop 
s l (0,1) 0.5 dv<it,wrec 
s 2 (0,1) 05 dVdt,W e m 
d Oor l 0 
"N.perc 
PN (0,1) - *HI,perc 
Ps (0,1) 1 ^•S, perc 
N c r i t [0.5*CN,CN] 15000 E 
B o r i t [50,150] 100 E 
p c r i t [0,600] 450 E 
r [0.01,0.1] 0.05 dN/dt ,R s h o r t 
cN [20000,40000] 30000 d N / d t -Rshort 
aP [0.1,1] 05 dP/dt,W t o o 
aB [100,1000] 500 dB/dt 
Table 3: Parameter ranges and choices in the simulation model. 
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